Alanine racemase, encoded by the gene alr, is an important enzyme in the synthesis of D-alanine for peptidoglycan biosynthesis. Strains of Mycobacterium smegmatis with a deletion mutation of the alr gene were found to require D-alanine for growth in both rich and minimal media. This indicates that alanine racemase is the only source of D-alanine for cell wall biosynthesis in M. smegmatis and confirms alanine racemase as a viable target gene for antimycobacterial drug development.
Tuberculosis is the world's leading cause of mortality among infectious diseases. Annually nearly 2 million deaths are attributed to tuberculosis, and one-third of the world's population is latently infected with the tuberculosis bacillus (6, 35) . Because of its importance to global health, there is great interest in the identification and development of targets for antimycobacterial drug design. One such target of significant historical interest is alanine racemase (5, 14, 22) . Alanine racemase is a pyridoxal phosphate-containing homodimeric enzyme that catalyzes the conversion of L-alanine to D-alanine, a key building block in the biosynthesis of the peptidoglycan layer in bacterial cell walls. Alanine racemases are typically absent in eukaryotes but ubiquitous among prokaryotes, which makes this enzyme an attractive target for the development of novel antimicrobials.
Although D-alanine is essential for bacterial cell wall formation, determining which genes are crucial in the D-alanine biosynthesis pathway has proven to be more complicated. Bacteria contain either one or two alanine racemase genes. In species with two genes, one is constitutively expressed and anabolic, while the other is inducible and catabolic (25) (26) (27) . These genes supply the D-alanine needed for cell wall biosynthesis, and knockout studies with several of these bacteria have established that the alanine racemase enzyme is essential for growth in the absence of exogenous D-alanine (9, 12, 18, 24, 33, 34) . In some bacteria, an alternate pathway to D-alanine exists via utilization of D-amino acid transaminase. For example, in Listeria monocytogenes both the dal and dat genes, encoding alanine racemase and D-amino acid transaminase, respectively, must be inactivated in order to produce a D-alanine auxotroph (29) . It is also true that for some bacteria that possess a Damino acid transaminase, such as Bacillus subtilis, alanine racemase has been shown to be essential in both rich and minimal media containing L-alanine (2, 8, 28) .
In mycobacteria, the data regarding the essentiality of alanine racemase have been contradictory to date. One study with Mycobacterium smegmatis suggested that even in the absence of D-alanine, alanine racemase was not required for growth (4) . In that study the alanine racemase gene was insertionally inactivated. Although the inactivation was not lethal, the mutant displayed a greatly reduced ability to grow and a hypersensitivity to D-cycloserine, an inhibitor of alanine racemase. The authors attributed their unexpected result to the possible presence of an alternate pathway for D-alanine synthesis, possibly involving D-amino acid transaminase. However, the subsequent publication of the M. smegmatis mc 2 155 genome has failed to show any significant homologies to D-amino acid transaminases (Mycobacterium smegmatis MC2 Genome Page [http://cmr.tigr .org/tigr-scripts/CMR/GenomePage.cgi?orgϭgms]). In addition, in a landmark study by Sassetti et al. that delineated through genome-wide transposon insertional inactivation all M. tuberculosis genes essential for growth, alanine racemase was clearly identified as essential (21) . Because of this unexpected discrepancy between the findings for Mycobacterium tuberculosis and M. smegmatis and because M. smegmatis has shown great utility recently as a surrogate for M. tuberculosis in antimycobacterial drug design (1), we decided to reinvestigate this issue.
Deletion of the alr gene in M. smegmatis results in an obligate growth requirement for D-alanine. The alr gene was inactivated in M. smegmatis mc 2 155 (23) by replacement of 99% of its coding sequence with the kanamycin resistance cassette from pUC18K (Table 1) using standard protocols for growth and mutagenesis as previously described (30) . All general cloning steps were performed in Escherichia coli DH10B with culturing at 37°C in LB broth at an initial pH of 7.0 or on LB agar plates (20) . When needed, sucrose was added to plates at 10% (wt/vol), and kanamycin, hygromycin, and gentamicin were used at final concentrations of 25, 50, and 5 g/ml, respectively. The flanking regions (1,000 bp) of the alr gene were PCR amplified using the primer pair AlrKO1 and AlrKO2 and the pair AlrKO3 and AlrKO4 ( Table 1 ). The resulting amplicons were then ligated simultaneously with a kanamycin resistance cassette (KpnI-HindIII fragment containing aphA-3 from pUC18K) into the BamHI-XbaI-digested delivery vector pPR23 (19, 30) , thus creating pDM2 (Fig. 1) . The knockout delivery vector pDM2 was electroporated into the M. smegmatis strain mc 2 155 (0.2-cm-gap cuvette at 2.5 kV, 1,000 ⍀, and 25 F), and kanamycin-resistant (Kan r ) colonies were selected at 28°C to allow replication of the temperature-sensitive vector. The resulting strain (DM5) was grown to exponential phase at 28°C in Luria-Bertani medium supplemented with 0.05% (wt/vol) Tween 80 (Sigma) (LBT) containing 25 g/ml kanamycin and 5 mM D,L-alanine. Aliquots of the culture were plated on LBT plates containing 10% sucrose, 25 g/ml kanamycin, and 5 mM D,L-alanine and were incubated at 40°C. Another DM5 culture was prepared and plated in an identical manner, except that D,L-alanine was omitted from all the culture media. We predicted that deletion of the alr gene would lead to a requirement for D-alanine for growth. As a first test of this hypothesis, selection for the alr deletion was performed in the presence and absence of D,L-alanine. When 5 mM D,L-alanine was included in the initial growth medium and plates, 19 Kan r Suc r colonies appeared on plates at the nonpermissive temperature. Six colonies were picked for characterization, and four out of six analyzed strains (DM22 to DM25) were found to require D-alanine for growth in both LBT and minimal (7H11) media (Table 2 ). In contrast, the two remaining strains (DM21 and DM26), which did not require D-alanine for growth, remained Gm r , indicating that they still harbored vector sequences and suggesting that spontaneous sacB mutations were responsible for their ability to grow in the presence of sucrose.
The genetic selection was repeated in the absence of D,Lalanine supplementation. While 15 Kan r Suc r colonies appeared on selection plates without D,L-alanine supplementation, subsequent testing of colonies for D-alanine auxotrophy showed that all of these strains (six out of six analyzed, strains DM11 to DM16) grew normally in the absence of D-alanine. These colonies could be a result of single recombination events and contain a full-length copy of alr in addition to delivery vector sequences, as indicated by Southern hybridization results described below (Fig. 2) . All of these colonies were found to be Gm r , indicating that they still harbored vector sequences, suggesting that spontaneous mutations had occurred in sacB resulting in their ability to grow in the presence of sucrose.
Confirmation that the alr gene was deleted in the D-alanine auxotrophs was obtained by Southern hybridization analysis (Fig. 2) . Genomic DNA was isolated from the parent and mutant strains and digested with SmaI. Hybridization with the left flank of the alr gene (Fig. 1 ) revealed hybridizing bands of 1.56 kb and 1.64 kb in the wild-type strain mc 2 155 (Fig. 2, lane  2) , while bands of 1.56 kb and 0.6 kb were observed in the ⌬alr strains (Fig. 2, lanes 7 to 10) , as predicted by sequence analysis (Fig. 1) . DM5, the wild-type mc 2 155 strain containing the pDM2 delivery vector (grown at 28°C to allow propagation of the temperature-sensitive vector), shows the presence of an additional plasmid-derived 2.5-kb band (Fig. 2, lane 1) , which is not present in the final ⌬alr mutant strains. All strains selected in the absence of D,L-alanine, as well as the two colonies selected in the presence of D,L-alanine that were not D-alanine auxotrophs, showed the doublet found in the wild-type strain and the 2.5-kb plasmid-derived band, suggesting that these strains were the result of a single crossover event that left both plasmid and wild-type alr sequences in place on the chromosome.
Although the Kan r cassette from pUC18K has been reported to be nonpolar (17), we confirmed that the D-alanine requirement of the ⌬alr mutant was due only to loss of alanine racemase activity by complementation with a full-length copy of alr supplied in trans. A construct for complementation of the ⌬alr mutant was cloned into the integrative E. coli/mycobacterial shuttle vector pUHA267 (15) . A 1.7-kb PCR product encompassing the alr gene plus approximately 500 bp of upstream DNA was amplified by PCR using primers 5alr2 and 3alr2 (Table 1 ) and ligated into the NcoI and HindIII sites of pUHA267, creating the plasmid pDM3. pDM3 was electroporated into the ⌬alr strain DM22 to create the Kan r Hyg r strain DM30. Unlike the parental ⌬alr strain, DM30 was able to grow normally in the absence of D-alanine. This confirms that deletion of the alr gene is necessary and sufficient to create a D-alanine auxotroph and thus also shows that the alr gene is required for survival of M. smegmatis under normal growth conditions.
Further characterization of the growth characteristics of the ⌬alr strain DM22 and the complemented ⌬alr strain DM30 was carried out in liquid culture (Fig. 3) . In order to determine the concentration of D-alanine required for growth of the ⌬alr strain DM22, LBT medium containing various concentrations of D-alanine was inoculated and incubated overnight at 37°C. As shown in Fig. 3a , growth appeared normal (final optical density at 600 nm, ϳ3.5) at all starting D-alanine concentrations of 300 M or greater, while no growth was seen at or below 200 M D-alanine. Visual inspection by light microscopy revealed no differences in cell morphology between wild-type FIG. 2. Southern hybridization analysis of candidate ⌬alr mutants. SmaI digests of genomic DNA were probed with the radiolabeled left flank probe of the deletion construct (Fig. 1) . Strains that are wild type at the alr locus are predicted to have doublet bands in the 1.5-kb region, while ⌬alr strains should have a single band in this region. The lower portion is a longer exposure of the same blot to allow detection of the 0.6-kb band detected in all strains except wild-type mc 2 155. Molecular masses of size markers are indicated in kilobases. The phenotypes of strains DM21 to DM26 are shown in Table 2 . These results suggest that the ⌬alr strain is unable to generate a critical component of the cell division machinery in the absence of exogenous D-alanine, presumably related to an inability to incorporate D-alanine into peptidoglycan. As shown in Fig. 3b , the growth of DM22 and DM30 in LBT medium supplemented with 1 mM D-alanine was very similar to that of the wild-type strain. When cells were collected by centrifugation and resuspended in LBT medium without D-alanine, growth of the DM30 and wild-type strains continued normally, while growth of the ⌬alr strain DM22 was arrested (Fig. 3b) . The optical density of the DM22 culture without added Dalanine decreased slightly over time. In order to determine the effect of deletion of the alr gene on alanine racemase activity, cleared cell lysates were prepared from cultures of wild-type M. smegmatis, the ⌬alr strain DM22, and the complemented ⌬alr strain DM30 and assayed for enzyme activity (Fig. 4) . M. smegmatis lysates were prepared from cultures grown in LBT supplemented with 1 mM D-alanine. Cells were collected by centrifugation and then washed twice and concentrated 25-fold in 50 mM Tris-HCl (pH 8). Cells were disrupted by three passages through a French press at 18,000 lb/in 2 , and lysates were cleared of cell debris by centrifugation at 20,000 ϫ g for 15 min. Cell membranes were separated from the cytoplasmic fraction by centrifugation at 140,000 ϫ g for 45 min at 4°C, and the supernatant (soluble fraction containing alanine racemase) was passed through a 0.22-m-pore-size filter. Alanine racemase activity was measured spectrophotometrically at 23°C in a coupled assay in the D-to L-alanine direction in which L-alanine is formed by alanine racemase found in the lysate and then deaminated to pyruvate by the NAD ϩ -dependent L-alanine dehydrogenase from B. subtilis, and the formation of NADH is measured at 340 nm (7) . Aliquots of the soluble fraction were added to 50 mM Tricine, pH 8.5, 10 mM NAD ϩ , and 0.2 U/ml L-alanine dehydrogenase, so that baseline reduction of NAD ϩ could be determined in the absence of L-alanine. D-Alanine was then added to an initial concentration of 5 mM to start the reaction. Protein concentrations of the extracts were determined by the Bradford method (3). As shown in Fig. 4 , crude extracts of the ⌬alr strain DM22 contained no detectable alanine racemase activity above the background levels detected in the absence of the D-alanine substrate. In contrast, wild-type mc 2 155 contained levels of alanine racemase activity significantly higher than background, and the complemented ⌬alr strain DM30 contained approximately double the alanine racemase activity of the wild type. The cause of the higher levels of racemase activity in DM30 is unknown but could be related to multiple insertions at the integration site of the complementing vector.
The results of this study are congruent with studies that demonstrate that the deletion of the alr gene in other bacteria has been found to lead to D-alanine auxotrophy. In some bacteria, such as Escherichia coli and Salmonella enterica serovar Typhimurium, there are two genes encoding alanine racemase activity (16, 33) , and both of these genes must be deleted before a requirement for D-alanine is observed (27, 32) . Other bacterial species, such as Lactobacillus plantarum and Lactococcus lactis, have a single gene for alanine racemase, the deletion of which leads to a requirement for D-alanine for growth (18, 24) . Still other species, such as Listeria monocytogenes, express a D-amino acid transaminase that must be deleted along with the alr gene to yield D-alanine auxotrophy (29 (4, 21) . It is known that insertional inactivation can sometimes still allow for the production of active protein (13, 31) , which is why gene inactivation by deletion is a more definitive technique. It is possible, therefore, that their insertional disruption of the alr gene did not abolish all alanine racemase activity. Notably, cell lysates from their mutant were assayed and displayed no measurable alanine racemase activity. They report, however, that there is a 4% background in their alanine racemase assay, which could mask a low residual racemase activity in their extracts. Interestingly, it has been reported that proteolysis of alanine racemase from Salmonella enterica serovar Typhimurium results in the production of protein fragments that associate and retain 3% of their wild-type activity (10) . Such a truncated species would not have been detected in the assay, but it could have retained enough activity to account for the growth which they reported. It is known that the alanine racemase from M. tuberculosis has a V max that is orders of magnitude (Ͼ100-fold) less than that of the enzyme from Pseudomonas aeruginosa (26, 27) ; thus, mycobacteria can survive on very low levels of alanine racemase activity. Chacon et al. report significantly altered growth characteristics associated with their mutant, which would be consistent with a low level of alanine racemase activity. In this report, in which 99% of the alr gene was deleted, we can state unequivocally that the possibility for the production of active alanine racemase has been removed. Therefore, we can report with confidence that the alanine racemase gene is essential for growth of M. smegmatis in the absence of Dalanine and that the development of alanine racemase inhibitors as antimycobacterial agents warrants further investigation.
